Over 50 years ago, Benedict (2) published his extensive monograph on the metabolism of fasting in man, in which he demonstrated that carbohydrate stores provide a small but significant component of the body's fuel for only the first few days. Thereafter, protein and fat are the sole sources of fuel, the former contributing 15 % of the calories and the latter the balance.
Over 50 years ago, Benedict (2) published his extensive monograph on the metabolism of fasting in man, in which he demonstrated that carbohydrate stores provide a small but significant component of the body's fuel for only the first few days. Thereafter, protein and fat are the sole sources of fuel, the former contributing 15 % of the calories and the latter the balance.
The primary role of fat as fuel was apparent to Benedict and his contemporaries; it is plentiful and expendable. The significance of the protein requirement, however, was less clear; in fact, it was not fully understood until nearly 20 years later when the obligatory dependence of the central nervous system on glucose was firmly established (3) . Since glycogen stores in man were known to approximate only 200 g, it was readily apparent that glucose has to be derived from protein in order to maintain cerebral metabolism during a prolonged fast. More recently, our understanding of the fasted state has been further clarified by the demonstration that free fatty acid is both the major transport form of lipid leaving adipose tissue (4, 5) and a substrate that is readily utilized by liver, muscle, and many other tissues.
Although the above findings provide a basis for understanding the metabolism of fasting, certain areas such as the physiologic role of hormones and the mechanisms controlling glucose production and utilization remain poorly defined. In addition, estimates of glucose turnover (6) (7) (8) (9) (10) (11) (12) or splanchnic glucose production (13) (14) (15) during a short fast all greatly exceed the amount that can be contributed by gluconeogenesis (as reflected by urinary nitrogen loss). This study was, therefore, designed to obtain base-line information concerning the metabolic and hormonal response to fasting in normal subjects and in two subjects with mild diabetes in the hope that such information would provide at least partial insight into some of these problems. In brief, we found in the normal subjects that the well-integrated release of peripheral fuels and the maintenance of blood glucose concentrations were probably related to insulin concentrations, suggesting but not necessarily proving that insulin is the primary signal responsible for fuel control during starvation. The studies also suggested that glu-, cose metabolism, particularly by brain, must be decreased in order for man to survive prolonged periods of caloric deprivation.
Methods
Subjects. Six normal male subjects were selected to provide a diverse spectrum of body size and shape (Table  I) . Five (N1, Ns, N4, N5, and N.) were divinity students, and the sixth (N2) was a sporting-goods salesman. All were in perfect health and had been consuming an average diet estimated to contain over 250 g of carbohydrate and 80 g of protein with variable amounts of fat. Subjects N2 and N4 were intentionally selected because of a family history of diabetes; their mothers had maturity-onset diabetes and required insulin. Since both of these subjects were indistinguishable in all respects from the other four individuals, they were included in the normal group. The two diabetic subjects were chosen for their relatively young age, their willingness to undergo the study, and for their type of diabetes, which was maturity-onset but still sufficient in degree to make the diagnosis indubitable. One year before the study, subject D1, a business manager, had experienced 2 months of fatigue and a 25-pound weight loss associated with polydypsia and polyuria. He received insulin, 20 to 40 U NPH, for 3 weeks and was then given tolbutamide, 0.5 g by mouth twice daily, until 4 days before this study, when treatment was terminated. Subject D2, a contractor, had experienced polydypsia and polyuria 8 months before the study and received one single injection of 20 U of 40 U per ml Lente insulin, followed by 1 g of tolbutamide by mouth for 1 month. Then, like subject D1, he followed a diet of 200 g carbohydrate, 90 g protein, and 70 g fat. Both diabetic subjects had experienced transient glycosuria but only after ingesting amounts of carbohydrate beyond their dietary allowances.
All subjects had normal hematological and urine analyses in addition to normal chest and abdominal radiographic examinations, electrocardiograms, thyroid indexes, serum enzymes (alkaline phosphatase, lactic dehydrogenase, glutamic-oxaloacetic transaminase), serum proteins (electrophoresis), and serum lipids and lipoproteins (electrophoresis and chemical analyses for total lipids, triglycerides, phospholipids, cholesterol, and cholesterol esters).
Blood and urine collection. Samples were collected according to the schedule given in Table II .
Each morning at 8:00 a.m., after the subject had been resting for 30 minutes, blood was obtained from either of the two major antecubital veins (cephalic or median cubital) without stasis, and when, on occasion, a tourniquet was needed, it was released for 10 to 20 seconds before taking the sample. The needle was placed well up the vein proximally, and the samples thus represented mixed deep and superficial venous drainage. Thirty-five ml of blood was withdrawn, portions were added to oxalate-fluoride for glucose and free fatty acid analyses, and the remainder was allowed to clot. Fifteen ml of blood was then rapidly drawn into a syringe from which it was immediately injected into 15 ml of iced 1 M perchloric acid. The deproteinized supernatant fluid was frozen and later used for acetoacetate, 8-hydroxybutyrate, glycerol, pyruvate, and lactate analyses. Whole blood samples in oxalate-fluoride and plasma and serum specimens were frozen and stored at -200 C for later analysis.
Urine was collected in plastic containers immersed in ice. At 8 a.m., the end of each 24-hour period, the subject voided, the total volume was measured, and iced (27) . Insulin (30) and ketosteroids by that of Drekter and associates (31) .
Glucose turnover studies. The glucose turnover studies, performed at the end of the fast in all eight subjects and also at the beginning in the two diabetics, were done according to methods and calculations previously described (11, 12) . Twenty ,*c (1.71 mg) of glucose-l-"C' in 2 ml of saline was injected into the tubing of an isotonic saline infusion within 60 seconds. At intervals of 30 minutes for 3 hours, blood samples were withdrawn and immediately deproteinized according to the method of Somogyi (17) . Separation of glucose from acidic components of the protein-free filtrate and oxidation with periodic acid were accomplished as previously described (11, 12 (12) .
Calorimetry. Total energy balance was determined during the entire fasting period in subjects N: and N6 and in the two diabetic subjects, D1 and D2. In the other four subjects (N2 to N5), this procedure was performed only on days 6, 7, and 8 The patients' activities were not intentionally restricted at any time except before the morning phlebotomy; however, it was noted that they restricted their activities to dressing in casual clothes each morning after their weight had been taken and to meeting usual hygienic needs in addition to limited ambulation about the Clinical Research Center. Fluid intake was 1,500 ml water per day, and for the last 3 days of the study, the subjects received 17 mEq of NaCl to compensate partly for the volume depletion from blood sampling.
Each subject was fully advised as to the nature and extent of the study before giving consent and being accepted.
Results
Normal base-line fasting values. In Table III are summarized the mean values of all constituents measured in plasma (or serum). per ml (33) . Free fatty acids achieved a plateau by the third day, except for a significant increase on the last day, probably due to a subjective response to insertion of an indwelling needle for the glucose turnover study. That this increase in fatty acid concentration was due to an increased lipolysis in adipose tissue, probably as a result of adrenergic stimulation, is supported by the parallel increase in blood glycerol. Acetoacetate and 83-hydroxybutyrate rose gradually throughout the study as did uric acid. The ratio of /3-hydroxybutyrate to acetoacetate remained relatively constant after the second day of fast. However, when the levels were so low as to be barely detectable (first 2 days of the study), the ratio approached unity. As expected, the increase in organic acids (acetoacetic, /8-hydroxybutyric, and free fatty acids) was accompanied by a corresponding decrease in Serum urea nitrogen exhibited a progressive rise and fall. As will be shown later, this was not due to altered renal function but to a rise and fall in nitrogen production and excretion. Venous lactic and pyruvic acid concentrations were measured throughout the study in subjects N1 and N6 and on the last 2 days of the study in all subjects. No change was noted throughout the fast (Figure 3) Other sporadically abnormal values are noted, besides those for insulin and growth hormone. Chromatography of the sera after incubation with insulin-"8"I failed to detect antibody (34) . This was carefully excluded since both subjects had received insulin many months previously, and persistence of insulin antibody could have contributed to their high serum immunoreactive insulin levels. Both subjects also had abnormally elevated levels of growth hormone, but not persistently.
Intravenous glucose tolerance tests. Table V summarizes the data on glucose and free fatty acid levels in all subjects during iv glucose tolerance tests both before and after the fast. The wellknown grossly abnormal tolerance is noted in all the normal subjects after the fast, whereas the diabetic subjects showed no change in tolerance, and after the fast were generally indistinguishable from the normals. The coefficient of glucose disappearance (K) was also calculated (35) and is listed. If we extrapolate to time 0 the plot derived from the logarithm of glucose concentration against time, the calculated glucose space for the normal subjects before the fast was 25.5 0.9%o of body weight and after the fast 27.4 1.3%o, an insignificant difference.
In Table VI Figure 7 . No consistent pattern was found among individuals, or before and after the fast, except for the sporadically higher values of the diabetics, particularly D1 (Table VI) . Also, an obvious correlation between patient discomfort and the growth hormone response could not be made. Glucose turnover. In Table VII are listed the values from glucose turnover studies in the six normal subjects after the fast and in the two diabetics both before and after. Also included for comparison are the glucose spaces and pool sizes calculated with both glucose-G4C and the iv glucose tolerance test. The mean pool size of the normals, by isotope dilution, was 6.6 g per m2 body surface; by the iv glucose tolerance, it was 6.7 g per m2 body surface, a surprisingly ( 12) . This same individual exhibited the highest absolute glucose turnover after subtraction of the amount recycled, 84 g per m2 per day, and, as expected, the highest nitrogen loss (Figure 8 ).
The two diabetic subjects were indistinguishable from the normals after the fast except for the larger glucose pool in subject D2 . Their values before fasting compare to those described in mild diabetics with this technique (11) .. Total energy balance. Table VIII summarizes the extensive analyses of metabolic balance on the last day in all eight subjects. In the two normal subjects who were followed throughout the study, 4 days was required for the nonprotein RQ to fall to 0.70, in agreement with the observations of Benedict on his single subject (2) . In the two diabetics, the nonprotein RQ fell to 0.70 on the first day of the fast and remained at or below this level throughout the succeeding days.
The surprising agreement of total calories consumed based on surface area by the six normal subjects is Urinary excretion. Components measured in the urine are summarized in Table IX . Nitrogen excretion (Figure 8 ) rose from the second or third day, peaked on the fourth day, and then declined, parallel to the rise and fall in serum urea nitrogen (Table III) . Creatinine excretion declined slightly. fi-Hydroxybutyrate and acetoacetate increased as expected. It is noteworthy that the final ratio of 18-hydroxybutyrate to acetoacetate was greater than that in serum. Sodium and potassium excretion, particularly the former, decreased in spite of replacement of 8 to 9 mEq sodium per m2 per day during the last 3 days. This decrease was undoubtedly due to volume depletion accentuated by the daily phlebotomy. Urinary potassium showed a transient increase parallel to the rise and fall in nitrogen loss, but 1 day later. essentially indistinguishable from the normal subjects except for a slightly greater degree of ketonuria on day 1, in agreement with the higher blood ketone levels. In Figures 9 and 10 are plotted mean urinary nitrogen and potassium data + 2 SD for the normals with values for D1 and D2. The diabetics appeared to conserve these two moieties to a greater degree than did the normals, but the same increases and decreases were noted as in the normal subjects. No significance can be presently attached to these differences due to the few subjects studied. Discussion 3 Insulin and glucose. Several studies have indicated that immunoreactive insulin is either unchanged, unmeasurable, or present in very low concentrations in the circulation of fasting man (37) (38) (39) (40) (41) . That low, but physiologically significant, concentrations of insulin are present is suggested by experiments in animals in which the administration of insulin antibody (42, 43) or acute pancreatectomy (44) induced marked hyperglycemia, ketoacidosis, and death. In the present study, the assay was specifically manipulated to produce optimal discrimination at insulin concentrations in the vicinity of 10 /AU per ml; hence, the low but strikingly uniform insulin levels in the six subjects and the close correlation between insulin and glucose levels strongly suggest the existence of a finely regulated metabolic system. One may also conclude that the low level of insulin in all likelihood does not modulate glucose concentration by regulating outflow to the tissues, since glucose turnover studies indicate that nearly all the glucose produced is probably utilized by tissues not sensitive to insulin, viz., brain (45, 46) .
If we, therefore, accept the view that the role of insulin during a fast is to modulate the inflow of glucose into the bloodstream, we must then ask how insulin accomplishes this. It has been demonstrated in both experimental animals and man that the continuous in vivo infusion of small physiologic amounts of insulin causes a diminished inflow of glucose into the blood (47) (48) (49) (50) (51) .
Whether this represents a direct or indirect effect on the liver is another problem. Experiments using perfused liver preparations or slices have been inconsistent in demonstrating an effect of insulin on glucose utilization or production at physiological insulin concentrations (47) . The recent finding of a hepatic glucose phosphotransferase, glucokinase, whose activity increases after insulin administration or carbohydrate feeding and decreases when insulin is deficient or lacking (52-54) also suggests that insulin may directly affect the liver. This enzyme, however, seems to have negligible activity in certain species, including humans (55) .
The evidence pointing to an indirect effect of insulin on' the liver has been more substantial. Several investigators have shown that increasing the concentration of either amino acid or lactic acid to levels well above those achieved in vivo (56, 57) or increasing free fatty acid (58) (59) (60) in the medium perfusing an isolated rat liver causes an almost immediate increase in net glucose production. This suggests that fuel presentation rather than a direct effect of insulin may be a more important factor in minute-to-minute glucose production. This hypothesis was clearly reviewed and enforced by Levine and Fritz 10 years ago (61) .
Evidence that insulin, in the concentrations found during a prolonged fast, may control the flow of these peripherally stored fuels to the liver is quite strong. Fain, Kovacev, and Scow (62) and Kipnis (63) have recently demonstrated the exquisite sensitivity of adipose tissue lipolytic activity to insulin by showing that concentrations in the range of 1 juU per ml can inhibit the release of free fatty acids and glycerol from adipose tissue stimulated by various hormones. In addition, Reichard has obtained this effect with concentrations of insulin even below this subphysiologic level (64) . In a similar way, Manchester and Young (65) demonstrated that the balance of amino acid and muscle protein is altered by a concentration of insulin close to that found in man by the immunoassay technique. More recently Smith and Long (66) have directed attention to the role of the interplay of insulin and glucocorticoids in the control of levels of circulating amino acids. In summary, it appears that during fasting a low but finely regulated concentration of insulin may modulate substrate delivery to the liver and thus indirectly the concentration of glucose in circulating fluids. The significant correlation coefficients and the linear regression of glucose and insulin concentrations support this hypothesis. Simply, a fall in blood glucose due to utilization by glucose-dependent tissues would be associated with a decrease in insulin, and this, in turn, would result in release of free fatty acid from adipose tissue and perhaps amino acid from muscle. Increased gluconeogenesis by liver would result, followed by replenishment of blood glucose and then an increase in insulin. Finally, the decrease in insulin would shut off the release of fuel from the peripheral depots, and the feedback loop would thus be completed.
Growth hormone. The finding of an increased level of growth hormone during fasting has been well documented (41, (67) (68) (69) (70) and was again corroborated by this study. Of interest, however, was the great variability in growth hormone levels, some subjects showing no elevation and others a marked elevation during the fast. The individual responses after an iv glucose infusion both before and after the test are similarly difficult to interpret. This marked inconsistency in growth hormone levels casts some doubt on its importance as a metabolic regulator during fasting. Other studies have shown the fasting response of growth hormone in pigs to be minimal and in sheep to be absent (71) .
Glucose tolerance tests. In the glucose tolerance tests before the fast, there was a prompt insulin response, the highest levels occurring within 1 minute of the end of the glucose infusion. After the fast, there was still a prompt insulin response but of a lesser magnitude. The regressions of insulin and glucose demonstrate a diminished threshold of sensitivity to glucose with an increased theoretical intercept of glucose concentration at which insulin concentration is 0 ( Figure 6 ). However, the sensitivity of insulin release to glucose above this elevated threshold does not appear to be less in this small series of subjects. Fatty acids decreased from their high levels, but remained markedly elevated for each level of glucose or insulin concentration, suggesting a diminished sensitivity of adipose tissue a, a'triglyceride lipase to insulin [assuming this to be the rate-limiting enzyme in triglyceride lipolysis and fatty acid release (72) ]. One also could explain this finding by a relative decrease in adipose tissue re-esterification rate or free fatty acid removal by peripheral tissues; these processes cannot be included or excluded by the data at hand, but appear less likely.
As expected, the glucose load was removed at a greatly diminished rate after the fast. Our data do not permit us to discern clearly between failure of glucose uptake and failure to inhibit glucose outflow into the circulation; however, rough calculations indicate that the entire fall in blood glucose between 20 and 60 minutes was due to glucosuria. This' must be regarded as only a crude approximation, however, as accurate sequential urine collections were not made during this short period. In any event, the effectiveness of the released insulin on glucose metabolism was markedly decreased after the fast. Conceivably, this might be secondary to the higher levels of free fatty acid blocking the peripheral uptake of glucose (73) , or continuing to augment gluconeogenesis and glucose release by the liver, or both. Unfortunately, glucose specific activity was not sequentially followed during the glucose tolerance test. Whatever the cause, however, it is evident that the rapid physiologic mechanism for recognizing and correcting hyperglycemia is ineffective after a prolonged fast.
Glucose turnover. At the end of the fast, calculated glucose turnover accounted for only one-fourth of the total calories expended, and even this low figure assumes that all the glucose not recycled was oxidized to CO2. If one accepts the published data on cerebral glucose utilization (45, 46) These studies also point out several discrepancies in our present concepts of glucose metabolism during fasting. For one, even if all the nitrogen in the urine originated from glucogenic amino acids, these would account for a theoretical maximum in our subjects of approximately 25 g per m2 per day of glucose, which, added to the recycled moiety of 20.9 g per m2 per day and the amount derived from glycerol (10 g per m2 per day), would provide a total of 55 g per m2 per day, far short of the 85 g per m2 per day calculated from the isotope studies. This disagreement or factitiously high turnover is compatible with exchange of labeled glucose with carbohydrate in glycoprotein (76) or in glycogen end groups (77). The glucose combusted would then be far less than that calculated by the turnover data. Other studies, using glucose-14C turnover, are accordingly suspect.
Subjects fasted for more prolonged periods of time exhibit even a further reduction in nitrogen loss to values approximating 1 g per day (78) , thereby providing even less precursor for gluconeogenesis. A loss of nitrogen by routes other than urine is a possibility, and recent studies of respiratory nitrogen exchange have been suggestive (79) ; however, the detailed and complete balance studies performed on experimental animals at the turn of the century seemingly exclude nonurinary and nonfecal loss of nitrogen other than a very small quantity in desquamated integument (80) . In addition, total body nitrogen approximates 1 kg, and survival for more than 5 or 6 months would necessitate a daily loss of less than 2 or 3 g. The urinary loss is therefore obviously representative of total loss of nitrogen from the body.
This optimal nitrogen sparing and its associated minimal glucose synthesis would be incompatible with life should the brain continue to require its 100 to 150 g of glucose (45, 46) In summary, glucose-'4C turnover data appear to be factitiously high and not in agreement with total balance data. The latter demonstrate markedly diminished glucose synthesis, which, accordingly, must be associated with markedly diminished glucose metabolism by even those tissues, such as brain, which formerly were thought to be uniquely dependent on glucose as fuel. The survival value of these progressive adaptations and the need for maximal efficiency in reactions utilizing nitrogenous material place extreme emphasis on the hormonal-and metabolite-modulated control mechanisms. Insulin, for example, may play a more significant role in regulating fasting than it does during the immediate postabsorptive state. Summary Levels of insulin, growth hormone, and various metabolic fuels were followed throughout a 1-week fast in six normal subjects and two patients with maturity-onset diabetes. The data from the normal individuals are compatible with the hypothesis that the glucose-insulin feedback mechanism may be the primary control process regulating the release of peripheral fuel to provide energy for metabolism during fasting.
Marked variabilities in growth hormone levels and lack of correlation of growth hormone with other parameters diminish its apparent importance in the fasting process.
Metabolic balances and glucose turnover studies were performed and demonstrate again the predominance of lipid as fuel and emphasize the diminution of glucose metabolism, which, in turn, spares nitrogen stores as gluconeogenesis de- creases. Addendum
Since submission of this manuscript Exton, Jefferson, Butcher, and Park (82) have published evidence of a consistent effect of insulin in diminishing glucose release by the isolated perfused rat liver. As has been reviewed in reference 47, others have obtained similar results both in vivo and in vitro. Our data and discussion deal only with events during prolonged fasting and, as has been emphasized, are compatible with the insulin-regulated release of peripheral fuels as the primary controlling event. During feeding, it is probable and logical that the increase in insulin may suppress hepatic glucose output both by inhibiting release of peripheral fuel and also by a direct effect on the liver itself.
